This historical survey covers the initial investigations of adsorption measurements of the geometric microstructure of solid surfaces. Methods investigated are sorptometry, hygrometry, calorimetry, thermogravimetry and thermoporometry. The histories of these methods are short, beginning in modern times; only hygrometry can be traced back to ancient times.
INTRODUCTION
We aimed to investigate on the various methods of adsorption and their first ever use in measuring the adsorption capacity of various adsorbents. Although a majority of adsorption measurement methods are relatively new, the use of hygrometry can be traced back to ancient times. The adsorptive features of finely divided and porous materials were well-known since ancient times (Beneke and Lagaly 2002; Robens and Jayaweera 2011) . However, during pre-historic times, measurements were purely based on practical observation and/or by comparing properties of the materials evaluated. In the Bible there is a thorough description of a volumetric adsorption experiment, which is one of the oldest demonstrations on adsorption experiments. The first record of quantitatively observing a chemical reaction was reported in the Books on Architecture by Vitruvius . The Romans carried out various scientific investigations as a basis for their highly developed techniques, and from the Middle Ages (i.e. the Medieval period) many reports on scientific experiments have been published. Almost all of the various methods concerning surface structure measurements are dated to the Modern Age, and this can be related to the development of modern chemistry. The pioneering work of Lavoisier and others in his environment during the French Revolution (1789-1799) is regarded by many as the starting point of scientific investigations (Speter 1974) . Since then various measuring instruments were developed with high sensitivity, which enabled to evaluate even the small effects that occur in a solid surface/fluid system. The need to characterize the surfaces of porous and finely distributed materials began during the 19th century, that is, during the period of industrialization. currently, all the methods used for adsorption surface measurements are standardized in industrial countries (Klobes and Robens 2012) .
Some basic methods for investigating the microstructure of solid surfaces are presented in Table 1 . In this article, we report on the various adsorption methods that are based on the interaction of the adsorption surface with the adsorbed liquid-like layers. The history of *Author to whom all correspondence should be addressed. E-mail: erich.robens@t-online.de (E. Robens). various adsorption measurement methods was described in a number of papers previously. Reviews on the history of adsorption and related subjects were presented previously by Ostwald (1891 ), Mühlfarth (1900 and Patten (1907) . Detailed information on this subject is provided in the following reports: Duval (1953) ; Forrester and Giles (1971) ; czanderna and Wolsky (1980); Hemminger and Höhne (1984); Beneke 1995a-c; Dabrowski (2001) ; Beneke and Lagaly (2002) ; Robens et al. (2014) . However, thus far, there is no general survey on the history of various adsorption measurement methods. This survey identifies the history of various adsorption methods (e.g. sorptometry, thermogravimetry, hygrometry, calorimetry and thermoporometry) and their purpose.
WATER ADSORPTION MEASUREMENTS
condensation of water on a solid sample surface was first observed at ambient conditions of varying but unknown temperature and pressure of air and temperature of the solid. The amount of adsorbate was volumetrically measured after driving it out or by weight. The first record (somewhat unclear) of a volumetric experiment is probably the one that is is described in detail in the Talmud's Book of Judges, which was written between 1230 and 1000 Bc (Bible) .
"And Gideon said to God: If you wants me to save Israel by my hand, as you said, behold, I put freshly sheared wool in the floor and if the dew falls only on the wool, and it will be dry at all the earth beside, than shall I know that you wants to save Israel by my hand, 426 E. Robens and S. A. A. Jayaweera/Adsorption Science & Technology Vol. 32 No. 6 2014 as you has said. And it was so: When he got there in the early morning and wrung out the wool, he could press out the dew from the wool, a bowl full of water. After that Gideon said to God: Your anger should not flare out against me, if I speak again: Only once more I will try it with the wool: Only the wool shall be kept dry, and dew shall be upon all the ground. And God did so in the following night: The wool remained dry and the dew was on all the ground."
Gideon (which means judge) did not recognize that effect as a natural phenomenon, but instead regarded as an oracle (Figure 1) . He interpreted the message as a divine order to start a war, and indeed he was successful. Scientific explanations of these phenomena regarding the climatic conditions were proposed by Brunt (1947 Brunt ( , 1959 and Giles (1962) .
A strange volumetric device, which was in use until recently, also deserves a mentioning in this regard: 'The doctor of cairo' (Figure 2 ). These artistic bowls served as dew samplers during cool nights. The condensed water was used for medical purposes.
Not until the 15th century we had a more accurate description of water adsorption in the book L'architettura, which was written by Leon Battista Alberti (1404 Alberti ( -1472 , an Italian architect, painter and philosopher (Alberti 1483/1485):
"I cannot deny that the humid air of the night is attracted by light earth or penetrates selfacting into the pores in which it may easily condense to wetness."
HYGROMETRY
Weather observation and forecasting in connection with air humidity may have been carried out by the first Homo sapiens. Hygrometry is aimed to measure quantitatively the water content of the
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Gideon wrings the flercr air. The first description of a gravimetric hygrometer is the one in the book Idiota de Staticis Experimentis, written by Nicolaus cusanus (1401-1463; cusanus 1450; Figure 3 ):
"If anyone hangs dry wool at one side of a big balance and loads the other side with stones until equilibrium is established, at a place and in air of moderate temperature, he would observe that the weight of the wool increases with increasing humidity and decreases with increasing dryness of the air. By these differences it is possible to weigh the air, and one could perhaps perform weather forecasting."
Some twenty years later Alberti (1404-1472) described a similar device (Alberti 1483/1485) "We know, that a sponge becomes wet from atmospheric humidity and from this fact we have made a balance with which we weigh the weight of the air and the dryness of the winds" From Leonardo da Vinci (1452-1519) we have three designs of pretty poor inclination balances, one of which is loaded with a sponge (Figure 4; da Vinci 1872 da Vinci , 1986 ). It appears among sketches of the Last Supper. Perhaps Leonardo da Vinci intended to use these designs to choose between fresco and oil according to the humidity of the room. By contrast, a meteorological purpose is suggested by the remarks "To recognize the quality and density of the air and to forecast rain" and "Means to detect, when the weather will break-up." From his other sketches of a balance loaded with glass spheres, one of which was covered with fabric, it can be assumed that he tried to measure a mixture of atmospheric pressure and humidity.
Various types of gravimetric hygrometers loaded with paper or textile ( Figure 5 ) were developed and these are described in the following section.
Around 1780, Horace-Bénédict de Saussure (1740-1799) invented the hair hygrometer ( Figure 6 ). It is an instrument that measures the elongation of hair with increasing humidity due to swelling of the hair cells. This method allowed for the construction of simple and cheap hygrometers. Hygrometers of such type became popular as a part of furnishing for homes of people of higher social circles. In the 19th century, in Black Forest (Baden-Württemberg, Germany), a cottage industry started producing weather houses ( Figure 7) with a sensor made of catgut or hair. Dew point meter and psychrometer are inventions from the New Age. In 1825, August constructed the first psychrometer (Figure 8) based on a proposal suggested by Leslie (Berzelius 1841; Tomaschek 1942) . The widely used Lambrecht dew point hygrometer is a device equipped with a metallic mirror (silver or copper) with good thermal conductivity. Richard Assmann (1845-1918) added a ventilator, and this aspiration psychrometer (Wiehle 1993) is regarded as a standard instrument for air humidity measurements. In 1820, John Frederic Daniell invented a dew point hygrometer (Figure 9 ), which came into widespread use.
The peculiar characteristic of the water molecule facilitates its identification and allows for the application of very different methods to determine humidity. Many of these methods originating from the 19th/20th century are standardized in industrial states (Rübner et al. 2008) . 
SORPTOMETRY
In sorptometry, the amount of liquid-like adsorbate adhering on the sample surface is measured as a function of gas pressure at constant temperature (Sing 1970; Gregg and Sing 1982/1984; Sing et al. 1985; Dabrowski 1999; Rouquerol et al. 1999) . Mass detectors of the adsorbate are either a balance ( Figure 10) or calibrated volumes to measure the consumed or evaporated gas, respectively (Figure 11 ).
carl Scheele (1742 Scheele ( -1786 published the first scientific adsorption measurements ( Figure 12 ) in 1777 (Scheele 1777) .
"I filled a little retort half with pretty dry grinded coal and tied up a bladder. As soon as the retort become hot, the bladder, expanded and when the bottom was glowing, the bladder was not expanding more. After that, I let cool down the retort, and the air returned from the bladder into the coal. The volume of air was about eight times of that of the coal."
During the same period, Priestley (1732-1804) in England and Abbé Fontana (1730-1805) in Italy (Wikipedia 2012b) measured adsorption by introducing a glowing piece of charcoal through mercury into a reversed glass cylinder. The first adsorption balance was constructed in 1886 by Warburg and Ihmory (Warburg and Ihmori 1886; Figure 13 ). At the end of the 19th century, Mitscherlich, chappuis (1879, 1881) and Kayser (1881a, b) investigated gas adsorption isotherms ( Figure 14) .
When creating the mass prototypes of the metric system, adsorption was an interfering phenomenon. To avoid buoyancy in air, a vacuum balance was designed; however, the effects of adsorption proved to be more serious than buoyancy. In 1984, Japanese researchers succeeded in comparing standard weights in vacuum with a higher accuracy than in the atmosphere. At present, a weight of a platinum/iridium alloy made in 1895 is defined as the standard prototype (i.e. international prototype kilogram or IPK). It has been reported that this prototype appears to have lost 50 mg compared with the average weight of dozens of replicas (Keaten 2007) . However, the reasons for this weight loss are still unclear. Because the IPK and its replicas are stored in air albeit under two or more nested bell jars (Figure 15 ), they lose mass by wear when used and gain mass through adsorption and chemisorption of atmospheric contaminants onto their surfaces. Measures were taken to reduce this gain/loss of weight by a standardized cleaning procedure (Ikeda et al. 1993; Wikipedia 2013) . The interest in thin molecular layers on surfaces started with Benjamin Franklin (1706 -1790 , who attributed the distribution of oil on seawater to a monomolecular layer (Franklin 1950) . The notion 'adsorption at a surface' differing from 'absorption in the interior' was introduced in 1881 by Kayser based on a proposal by the physiologist Du Bois-Reymond. The afore mentioned adsorption theory may be traced back to Laplace, Young and Kelvin. The fundaments were set by London, Born and Mayer, who calculated the interaction forces between molecules. All the modern work on adsorption is based on the work by Langmuir (1916 Langmuir ( , 1917 Langmuir ( , 1918 . Kavser's plots. Abscissa -equilibrium pressure; ordinate -volume absorbed
ADSORPTION FROM SOLUTION
In the 'Introduction' section, we mentioned the pre-historic techniques of adsorption from solution. Adsorption measurements in those times were based on practical evidence. An example of such a measurement is found in the book Glauberus concentratus oder Kern der Glauberschen, written by the famous alchemist Johann Rudolf Glauber (1604 Glauber ( -1670 (Glauber 1715) :
"The best precipitation is performed using special sand, the origin of which I don't like to reveal. It is able to remove all salt, slime, stench and pollution from water and liquid matter. It removes the innate redness of red wine, beer etc., etc. in few hours so that all becomes clear and bright like spring-water, so that all can be drunk well and that red wine becomes white wine. Sea water becomes sweet if it runs through sand and leaves behind all its salt. When this happens naturally, why not by arts?" However, scientific measurements of the adsorption process were first attempted only in the Modern Age by observing changes in concentration optically or chemically. The first liquid-phase isotherms may be those measured around the 1900s by J.M. van Bemmelen (van Bemmelen 1910; Beneke and Lagaly 2005) . However, weighing in liquids was not successful until quartz resonators became available (Mecea et al. 1996) . In 1957, Sauerbrey invented the oscillating quartz crystal balance (Sauerbrey 1957 (Sauerbrey , 1959 .
Another route of liquid-phase adsorption measurements is chromatography. The first person who used a separation column was Reed in 1893. Tswett used it for the isolation of the green pigment of plants (Tswett 1990 (Tswett , 1906a . Kiselev used the retention time of dissolved molecules in the porous column material to study its structure. However, until now, the method did not prevail (Unger 1989 (Unger , 1994 
THERMOGRAVIMETRY
The first record of gravimetric measurement of a chemical reaction is reported in Books on Architecture by Vitruvius (Vitruvius Pollio 33-14 Bc), which was written between 33 and 14 Bc. In the book, Vitruvius conscientiously describes the process of calcination of limestone and the mass loss between the raw material and the product.
"The reason why lime makes a solid structure on being combined with water and sand seems to be this: that rocks, like all other bodies, are composed of the four elements. Those which contain a larger proportion of air, are soft; of water, are tough from the moisture; earth, hard; and of fire, more brittle. Therefore, if limestone, without being burned, is merely pounded up small and then mixed with sand and so put into the work, the mass does not solidify nor can it hold together. But if the stone is first thrown into the kiln, it loses its former property of solidity by exposure to the great heat of the fire, and so with its strength burned out and set free, and only a residuum of heat being left lying in it, if the stone is then immersed in water, the moisture, before the water can feel the influence of the fire, makes its ways into the open pores; then the stone begins to get hot, and finally, after it cools off, the heat is rejected from the body of the lime.
consequently, limestone when taken out of the kiln cannot be as heavy as when it was thrown in, but on being weighed, though its bulk remains the same as before, it is found to have lost about a third of its weight owing to the boiling out of the water. Therefore, its pores being thus opened and its texture rendered loose, it mixes readily with sand, and hence the two materials cohere as they dry, unite with the rubble, and make a solid structure." This is probably the first description of a basic analytical measuring method. The method is also used for the determination of moisture of solids and liquids.
Thermogravimetry began with Talabot, who in 1833 equipped a laboratory at Lyon, France, with 39 balances for humidity control of silk, which was imported from china by ship ( Figure 16 ; Perret 1878; Duval 1953; Hemminger and Schönborn 1980; Eyraud and Rochas 1989; and Robens 2014). The whole equipment including the lovely enamel work, which shields the ovens, is displayed in a French museum. In 1915, Honda appears to be the very first person to use the expression 'thermobalance' for his instrument (Figure 17) (Honda 1915 (Honda , 1924 . Forthwith, similar devices had been used for the measurement of metabolism of plants ( Figure 18 ) and for other similar purposes (Keattch 1977; Paulik and Paulik 1981; Staszczuk 1994; Paulik 1995) .
CALORIMETRY
calorimetry is the measurement of the temperature-dependent heat content of a material. The ice calorimeter was invented by Antoine Lavoisier and Pierre-Simon Laplace, and was first used in the . Head of a differential scanning calorimeter. 1 = gas outlet; 2 = covers; 3 = sample and reference cell; 4 = thermocouple; 5 = heater; 6 = thermal insulation; 7 = purge gas inlet; 8 = reaction gas or cold nitrogen gas inlet. © Mettler-Toledo.
winter of 1782 -1783 (Laplace 1878 -1912 Lavoisier and Laplace 1892; Speter 1974) . However, such instruments are unsuitable for adsorption measurements. For the first time, in the 1930s, measurements of differential adsorption and heat of immersion appeared in the literature. currently, in the field of surface physics, the differential scanning calorimeter is used, in which thermal data can be obtained on small amounts of material used (Figure 19 ). The technique was developed by E.S. Watson and M.J. O'Neill in 1962 (Watson et al. 1964 ). The sample is heated or cooled at a controlled rate and the heat flow, either into or from the specimen, is recorded in comparison with a reference specimen or an empty sample container (Hemminger and cammenga 1989) .
THERMOPOROMETRY
In thermoporometry, the liquid in which the sample is immersed is investigated. A thermodynamic study of the liquid-/solid-phase transformations in porous materials provides the relationships between the size of the pores in which solidification takes place and the temperature of the triple point of the distributed liquid. The freezing point of that liquid is influenced by the pore diameter. Its measurement as a function of temperature allows for the determination of the pore-size distribution. The method was invented in the 1970s by a group of French scientists at Lyon: Maurice Brun, André Lallemand, Jean-Francois Quinson and charles Eyraud (Figure 20; Brun et al. 1977; Eyraud et al. 1988; Wikipedia 2012a) .
CONCLUSIONS
Because adsorption is time consuming, it is not surprising that the first measurements of adsorption were made only in modern times, when adequate sensitive instruments were constructed. Only hygrometry, including measurement of water adsorption, was carried out in ancient times.
In the 19th century, precision mechanics and at the turn of 18th to 20th century, electric controls allowed for making more sensitive instruments with a wide measuring range. Using electronic data processing, extensive evaluation of data can be made in real time and used for process control. In addition, optical and electro-optical methods are available for direct inspection of surface actions. Such developments need an extended historical paper. 
